Introduction {#bies201600104-sec-0002}
============

Bone morphogenetic protein (BMP)‐2 is known to induce local bone formation and has been used clinically [1](#bies201600104-bib-0001){ref-type="ref"}. However, recent evidence suggests that BMP‐2 has the potential to cause cancer and inflammation [2](#bies201600104-bib-0002){ref-type="ref"}, [3](#bies201600104-bib-0003){ref-type="ref"}, [4](#bies201600104-bib-0004){ref-type="ref"}. In this context, a reduction in the amount of BMP‐2 that is used in BMP‐2 therapy is necessary to reduce its adverse effects [4](#bies201600104-bib-0004){ref-type="ref"}. It is necessary to develop osteogenic agents, which can directly stimulate bone formation or at least accelerate BMP‐2‐induced bone formation.

There are several candidates for increasing local bone formation: parathyroid hormone (PTH) [5](#bies201600104-bib-0005){ref-type="ref"}, [6](#bies201600104-bib-0006){ref-type="ref"}, anti‐sclerostin antibody [7](#bies201600104-bib-0007){ref-type="ref"}, transforming growth factor (TGF)‐β1 [8](#bies201600104-bib-0008){ref-type="ref"}, fibroblast growth factor (FGF)‐2 [9](#bies201600104-bib-0009){ref-type="ref"}, FGF‐4 [10](#bies201600104-bib-0010){ref-type="ref"}, and various peptide drugs [11](#bies201600104-bib-0011){ref-type="ref"}, [12](#bies201600104-bib-0012){ref-type="ref"}, [13](#bies201600104-bib-0013){ref-type="ref"}, [14](#bies201600104-bib-0014){ref-type="ref"}, [15](#bies201600104-bib-0015){ref-type="ref"}. Among these agents, small peptide drugs, which have a molecular weight of approximately 1,000--1,500, have many advantages because of their properties, which include their low production cost, non‐immunogenic properties, and facile modulation characteristics that allow for structural changes to be made to fit a drug target [11](#bies201600104-bib-0011){ref-type="ref"}.

WP9QY peptide (W9) was designed to mimic the critical site of binding between TNF type 1 receptor and TNF‐α [16](#bies201600104-bib-0016){ref-type="ref"} and was recently found to be a stimulator of BMP‐2‐induced ectopic bone formation as well as osteoblast differentiation [13](#bies201600104-bib-0013){ref-type="ref"}, [14](#bies201600104-bib-0014){ref-type="ref"}. OP3‐4, another peptide, which was recently demonstrated to be a systemic stimulator of bone formation in an inflammatory bone destruction model [15](#bies201600104-bib-0015){ref-type="ref"}, was originally designed to mimic osteoprotegerin, a natural antagonist of receptor activator of NF‐κB ligand (RANKL) [17](#bies201600104-bib-0017){ref-type="ref"}. Both W9 and OP3‐4 have been shown to bind to RANKL, a stimulator of osteoclastogenesis, thereby inhibiting osteoclast formation and bone resorption [17](#bies201600104-bib-0017){ref-type="ref"}, [18](#bies201600104-bib-0018){ref-type="ref"}. However, the reason why these RANKL‐binding peptides stimulate bone formation remains to be clarified [19](#bies201600104-bib-0019){ref-type="ref"}, [20](#bies201600104-bib-0020){ref-type="ref"}.

On the other hand, several pathways are known to stimulate osteoblast differentiation. Signaling through the BMP [21](#bies201600104-bib-0021){ref-type="ref"}, PGE2 [22](#bies201600104-bib-0022){ref-type="ref"}, or Wnt receptors [23](#bies201600104-bib-0023){ref-type="ref"} eventually results in the stimulation of Runx2 expression, an early marker of osteoblast differentiation. It was recently demonstrated that rapamycin, which is an inhibitor of the mammalian target of rapamycin complex 1 (mTORC1), a serine/threonine kinase, inhibited osteoblast differentiation through the reduction of Runx2 expression in an osteoblast cell line and bone marrow‐derived stromal cells [24](#bies201600104-bib-0024){ref-type="ref"}. Another report demonstrated that the osteoblast‐specific deletion of Raptor, one of the components of mTORC1, showed the osteopenic phenotype with a reduction of both *Col1a* and *Bglap* (osteocalcin) expression, suggesting that the mTORC1 activation could be one of the pathways for stimulating bone formation [25](#bies201600104-bib-0025){ref-type="ref"}. Given the significant role of mTORC1 in bone formation, it has not been clarified whether the above‐described osteogenic peptides stimulate the mTORC1 activation in osteoblasts.

In the present study, we used a minimal amount of BMP‐2, which was not sufficient for inducing apparent bone formation in a murine calvarial defect model, and demonstrated that OP3‐4 stimulated BMP‐2‐induced local bone formation to the same extent as W9. We also showed that the activation of mTORC1 in OP3‐4‐treated osteoblasts was similar to that in W9‐treated osteoblasts.

Materials and methods {#bies201600104-sec-0003}
=====================

Reagents {#bies201600104-sec-0004}
--------

Cyclic peptide OP3‐4 (YCEIEFCYLIR) was purchased from a peptide‐synthesizing company (Synpeptide Co., Ltd., Shanghai, China). The other cyclic peptide W9 (YCWSQYLCY) and the control peptide (FCYISEVEDECY) [17](#bies201600104-bib-0017){ref-type="ref"}, [26](#bies201600104-bib-0026){ref-type="ref"} were purchased from the American Peptide Company (Sunnyvale, CA, USA). Recombinant human BMP‐2 was provided by Yamanouchi Pharmaceutical Co., Ltd. (Current Astellas Phrma Inc.; the patent has since been transferred to Bioventus LLC \[Durham, NC, USA\]). Gelatin hydrogel (GH; pI9) was synthesized at the department of biomaterials, field of tissue engineering, Kyoto University. The anti‐phospho‐Akt, anti‐Akt (Thr^308^), the anti‐phospho‐p70 S6 kinase, anti‐p70 S6 kinase, and anti‐GAPDH antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA).

Animals {#bies201600104-sec-0005}
-------

Twenty 5‐week‐old male C57BL/6 mice were purchased from Nippon CLEA (Tokyo, Japan). The mice were maintained under normal conditions as previously described [27](#bies201600104-bib-0027){ref-type="ref"}. All of the experimental procedures were reviewed and approved by the Animal Care and Use Committee and Recombination DNA Advisory Committee of Tokyo Medical and Dental University (Tokyo, Japan; authorization numbers: 0140070C, 0150203C2, 0160182A).

The osteoblast proliferation and differentiation assays {#bies201600104-sec-0006}
-------------------------------------------------------

In the proliferation assay, primary osteoblast‐like cells, which were isolated from the calvariae of 1‐day‐old mice were seeded at a density of 1 × 10^4^ cells/well in 96‐well plates and cultured in a proliferation medium (α‐minimum essential medium (Sigma‐Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (Moregate Biotech, Bulimba, Australia) with penicillin (100 U/mL) and streptomycin (100 µg/mL) (Sigma‐Aldrich) for 3 days. At 72 hours after incubation, 10 µL of Cell Count Reagent SF (Nacalai Tesque, Inc., Kyoto, Japan) was added to each well. After adding the reagent, the cells were incubated for 2 hours and the optical density of each well was measured at 450 nm with a microplate reader (Model 550 Microplate Reader, Bio‐Rad, Hercules, CA, USA).

In the differentiation assay, primary osteoblasts isolated from the calvariae of 1‐day‐old mice were seeded at a density of 5 × 10^4^ cells/well in 24‐well plates and cultured in a differentiation medium, α‐minimum essential medium containing 10% fetal bovine serum, 50 μg/mL of ascorbic acid (Wako, Osaka, Japan), 10 mM β‐glycerophosphate (Sigma‐Aldrich), 10 nM dexamethasone (Sigma‐Aldrich), 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma‐Aldrich). The conditioned medium was changed every 3 days. Alkaline phosphatase (ALP) staining and von Kossa staining were performed on days 6 and 21, respectively, according to standard protocols [28](#bies201600104-bib-0028){ref-type="ref"}. Each positively stained area was measured with an image analyzing system and calculated as a percentage of the whole well area (KS 400; Carl Zeiss, Jena, Germany). In some cultures, ALP activity was measured as follows. The primary osteoblast‐like cells were seeded at a density of 1 × 10^4^ cells/well in 96‐well plates and cultured in the above‐described differentiation medium for 6 days. The medium was changed on day 3. On day 6, 1% NP‐40 and ALP solution, including 1 mg/mL p‐nitrophenyl phosphate (pNPP) (Sigma‐Aldrich, MO, USA) and 1 mM MgCl~2~, 0.2 M Tri‐HCl (pH 9.5) were added to each well and incubated for 10 minutes at 37°C. The ALP activity in each well was measured at 415 nm with a microplate reader (Model 550 Microplate Reader, Bio‐Rad).

The experimental design of calvarial defect model {#bies201600104-sec-0007}
-------------------------------------------------

Twenty 5‐week‐old male C57BL/6 mice were divided into four groups. Vehicle, BMP‐2 (0.3 µg), BMP‐2 (0.3 µg) plus W9 (0.4 µmol) or BMP‐2 (0.3 µg) plus OP3‐4 (0.4 µmol) were incorporated in gelatin hydrogel (GH) discs. The GH containing each agent(s) was placed on a defect of 3.5 mm in diameter that had been made on the right parietal bone using a biopsy punch (Kai Industries, Gifu, Japan), as described elsewhere [12](#bies201600104-bib-0012){ref-type="ref"}. All mice were injected with calcein and alizarin red on days 15 and 20, respectively. They were sacrificed on day 28 after the operation.

Radiographic analyses {#bies201600104-sec-0008}
---------------------

Soft X‐ray photographs of the calvariae were taken with an X‐ray device (SRO‐M50; Sofron, Tokyo, Japan). Three‐dimensional (3D) reconstruction images of the calvariae were captured by microfocal computed tomography (μCT) (Scan Xmate‐E090; Comscan, Yokohama, Japan). The bone mineral content and bone mineral density of the calvariae were measured by dual‐energy X‐ray absorptiometry (DXA) (DCS‐600 R; Aloka, Tokyo, Japan).

Histological preparation and bone histomorphometry {#bies201600104-sec-0009}
--------------------------------------------------

Undecalcified frozen sections of 5 μm in thickness were prepared as described elsewhere [29](#bies201600104-bib-0029){ref-type="ref"}. Bone histomorphometry was performed in a rectangular ROI (2.24 × 3.85 mm^2^) at the center of the defect site. The mineralizing surface (MS) and mineral apposition rate (MAR) were measured using a KS400 image analyzing system, as previously described [15](#bies201600104-bib-0015){ref-type="ref"}, [30](#bies201600104-bib-0030){ref-type="ref"}. Local bone formation activity was defined as MS × MAR.

mTORC1 signaling assay {#bies201600104-sec-0010}
----------------------

ST‐2 cells (a murine osteoblastic cell line \[RIKEN, Ibaragi, Japan\]), were maintained in α‐minimum essential medium (Sigma‐Aldrich) containing 10% fetal bovine serum (Moregate Biotech), penicillin (100 U/mL) and streptomycin (100 µg/mL) (Sigma‐Aldrich) [31](#bies201600104-bib-0031){ref-type="ref"}, [32](#bies201600104-bib-0032){ref-type="ref"}. After 12 hours of serum starvation, the cells were treated with vehicle or various concentrations of W9 or OP3‐4, as indicated, for 20 minutes. Total cell lysates were prepared and analyzed by Western blotting as described previously [31](#bies201600104-bib-0031){ref-type="ref"}, [32](#bies201600104-bib-0032){ref-type="ref"}. Briefly, ice‐cold PBS was used to stop the stimulation and the cells were immediately lysed lysis buffer (PBS, pH 7.4, 1.0% Triton X‐100) supplemented with protease inhibitors (Roche Diagnostics, Indianapolis, IN, USA) and phosphatase inhibitors (Sigma‐Aldrich). Western blotting was performed to evaluate Akt and S6K1 phosphorylation. Anti‐phospho‐Akt, anti‐Akt, anti‐phospho‐p70 S6 kinase, anti‐p70 S6 kinase, and anti‐GAPDH antibodies were used as the primary antibodies (Cell Signaling Technology). Proteins were then detected with an HRP‐labeled secondary antibody (GE Healthcare, Buckinghamshire, UK), ECL Prime reagent (GE Healthcare Bioscience) using a Chemidoc XRS (Bio‐Rad).

Statistical analyses {#bies201600104-sec-0011}
--------------------

All of the data were expressed as means ± SD. For both the in vivo and in vitro studies, the statistically significant differences among the groups were assessed by a one‐way analysis of variance (ANOVA). When significant *F*‐values were detected, Fisher\'s PLSD post hoc test was performed. *p*‐Values of \<0.05 were considered to indicate statistical significance.

Results {#bies201600104-sec-0012}
=======

OP3‐4 promoted osteoblast differentiation to the same extent as W9 {#bies201600104-sec-0013}
------------------------------------------------------------------

First we compared the osteogenic activity of W9 and OP3‐4 in an osteoblast differentiation assay in vitro. As shown in Fig. [1](#bies201600104-fig-0001){ref-type="fig"}A and B, OP3‐4 promoted increases in the ALP‐ and von Kossa‐stained areas, which are indices of early and late osteoblast differentiation, respectively, to the same extent as W9. Quantitative measurements confirmed these observations.

![RANKL‐binding peptides, W9 and OP3‐4, enhanced ALP activity and mineralization during osteoblast differentiation. **A:** Primary osteoblasts were cultured in differentiation medium for 6 days in the presence of RANKL‐binding peptides or a control peptide at 200 µM. The osteoblasts were fixed and ALP staining was performed. Images of the ALP‐stained cells are shown. The percentage of the ALP‐stained area in each well was calculated. **B:** Cells were cultured for 21 days and von Kossa staining was performed. Images of the von Kossa‐stained cells are shown. The percentage of the von Kossa‐stained area in each well was calculated. The data are expressed as the means ± standard deviation for each group (*n* = 5). Significant differences among the groups were assessed by ANOVA. When significant *F*‐values were detected, then Fisher\'s PLSD post hoc test was performed. \**p* \< 0.05 versus vehicle, \#*p* \< 0.05 versus W9. We performed three‐independent experiments and obtained similar results. The data are the representative results of the three experiments.](BIES-38-717-g002){#bies201600104-fig-0001}

OP3‐4 showed similar bone regeneration to W9 in the murine calvarial defect model, with a minimal amount of BMP‐2 {#bies201600104-sec-0014}
-----------------------------------------------------------------------------------------------------------------

A murine calvarial defect model was used to clarify whether OP3‐4 stimulates bone regeneration in vivo to the same extent as W9. The size of the defect was a critical size that would preclude the natural recovery of bone in 4 weeks. In our preliminary experiment, we determined the amount of BMP‐2 that could be applied without showing apparent bone regeneration in the model. The mice were sacrificed 4 weeks after the placement of GH carrier alone, or GH containing BMP‐2 with or without a peptide, on the calvarial defect. First the local bone formation was radiologically analyzed. Soft X‐ray and μCT images revealed a very small radio‐opaque area at the bone defect site in the group that received the GH carrier with BMP‐2; the size appeared to be almost the same as that in the carrier alone group. On the other hand, the radio‐opaque area was greatly enhanced when GH containing BMP‐2 and a peptide was applied. The radio‐opaque area in the BMP and OP3‐4 group appeared to be the same as that in the BMP‐2 and W9 group (Fig. [2](#bies201600104-fig-0002){ref-type="fig"}A--C). A quantitative analysis of the bone mineral content (BMC) and bone mineral density (BMD) at the defect site confirmed these observations (Fig. [2](#bies201600104-fig-0002){ref-type="fig"}D and E). The treatment of the RANKL‐binding peptide without BMP‐2 did not show any apparent increase of bone formation in vivo (Supplementary Fig. S1).

![RANKL‐binding peptides, W9 and OP3‐4, promoted bone regeneration induced by BMP‐2 in a murine calvarial defect model. **A:** Soft X‐ray photographic images of the calvarial defects in which gelatin hydrogel (GH) only, and GH containing BMP‐2 (0.3 µg), BMP‐2 (0.3 µg) plus W9 (0.4 µmol), or BMP‐2 (0.3 µg) plus OP3‐4 (0.4 µmol) were applied. **B** and **C:** µ‐CT images of the whole mount of calvariae (**B**) and a cross‐section (**C**) are shown for each group. Scale bars: 2 mm. **D** and **E:** The bone mineral content (BMC) and bone mineral density (BMD) were measured at the site of the calvarial defect using dual energy X‐ray absorptiometry. The data are expressed as the means ± standard deviation for each group (*n* = 5). Significant differences among the groups were assessed by ANOVA. When significant *F*‐values were detected, then Fisher\'s PLSD post hoc test was performed. \**p* \< 0.05 versus BMP group. We performed two‐independent experiments and obtained similar results. The data are the representative results of the two experiments.](BIES-38-717-g003){#bies201600104-fig-0002}

Both W9 and OP3‐4 stimulated bone formation activity at the site of the calvarial defect {#bies201600104-sec-0015}
----------------------------------------------------------------------------------------

Fluorescence images of undecalcified sections revealed bone formation activity at the site of the calvarial defect. The calcein‐ and alizarin‐labeled surface seemed to slightly increase in the BMP‐2 group compared to the GH carrier group and the surface appeared to increase in the peptide applied groups compared to both the GH carrier group and the BMP‐2 group (Fig. [3](#bies201600104-fig-0003){ref-type="fig"}A). Quantitative analyses revealed that a significant increase of the mineralizing surface, which reflects the number of active osteoblasts, in the peptide applied groups compared to the GH carrier group and BMP‐2 group (Fig. [3](#bies201600104-fig-0003){ref-type="fig"}B). Local bone formation activity, which indicates the total calcified area that is produced in the region of interest in a single day, also showed similar results to those of the mineralizing surface (Fig. [3](#bies201600104-fig-0003){ref-type="fig"}B). To clarify the contribution of the RANKL‐binding peptides as a bone resorption inhibitor, we counted the number of osteoclasts that appeared at the bone regeneration site of each group. The number of osteoclasts in both the BMP‐2 + W9 group and the BMP‐2 + OP3‐4 group actually increased compared to the BMP‐2 group as shown in Supplementary Fig. S2.

![RANKL‐binding peptides, W9 and OP3‐4, promoted mineralization in vivo. **A:** Fluorescence images of undecalcified frozen sections of the right side of the calvaria are shown. The lower panels indicate higher magnification views of the box shown in white in the upper panels. The scale bar represents 0.5 mm. The green color shows calcein labeling, while the red color shows the alizarin labeling. **B:** Quantitative analyses of bone formation activity were performed using standard bone histomorphometric measurement techniques based on the calcein‐ and alizarin red‐labeled surface in the ROI (as described in Materials and methods section), centering on the area of regenerated bone. Local bone formation activity was calculated as (mineralizing surface) × (mineral apposition rate). The data are expressed as the means ± standard deviation for each group (*n* = 5). Significant differences among the groups were assessed by ANOVA. When significant *F*‐values were detected, then Fisher\'s PLSD post hoc test was performed.\**p* \< 0.05 versus BMP, \#*p* \< 0.05 versus BMP + W9. We performed two‐independent experiments and obtained similar results. The data are the representative results of the two experiments.](BIES-38-717-g004){#bies201600104-fig-0003}

Rapamycin, an mTORC1 inhibitor, inhibited the peptide‐induced osteoblast differentiation {#bies201600104-sec-0016}
----------------------------------------------------------------------------------------

Since mTORC1 signaling has been shown to be one of the important signaling targets for bone formation [24](#bies201600104-bib-0024){ref-type="ref"}, [25](#bies201600104-bib-0025){ref-type="ref"}, we investigated whether rapamycin, an inhibitor of mTORC1 activity, could reduce the peptide‐induced acceleration of ALP activity, one of the markers of osteoblast differentiation. Before starting this experiment, we first determined a dose of rapamycin which would not show cytotoxicity in the osteoblast cultures. A proliferation assay using primary osteoblasts, which were isolated from the calvariae of new born mice, was performed in the presence of various concentrations of rapamycin. At low concentrations of rapamycin (0--5 nM), cell proliferation gradually decreased in a dose‐dependent manner, but it gradually plateaued at high concentrations (5--20 nM), suggesting that a dose of less than 20 nM of rapamycin might not affect cell viability (Fig. [4](#bies201600104-fig-0004){ref-type="fig"}A).

![mTORC1 inhibitor blunted the stimulated effects of osteoblast differentiation by RANKL‐binding peptides. **A:** Rapamycin inhibits osteoblast proliferation. The indicated concentration of rapamycin (0.1--20 nM) was added to cultures of primary osteoblasts in proliferation medium. Cell proliferation was assayed for 72 hours using Cell Count Reagent SF. **B:** RANKL‐binding peptides did not affect osteoblast proliferation. Primary osteoblasts were cultured with vehicle, W9, OP3‐4, or the control peptide in the presence or absence of rapamycin (10 nM), and cell proliferation was assayed. **C:** Rapamycin inhibited osteoblast differentiation. The differentiation of primary osteoblasts was induced during 6 days of culturing in differentiation medium in the absence or presence of rapamycin (Rapa) (10 nM) and ALP activity was measured. The data are expressed as the means ± standard deviation for each group (*n* = 5). Significant differences among the groups were assessed by ANOVA. When significant *F*‐values were detected, then Fisher\'s PLSD post hoc test was performed. \*\**p* \< 0.01 versus vehicle without Rapa, ^\#\#^ *p* \< 0.01 versus W9 without Rapa, \$\$*p* \< 0.01 versus OP3‐4 without Rapa. We performed two‐independent experiments and obtained similar results. The data are the representative results of the two experiments.](BIES-38-717-g005){#bies201600104-fig-0004}

We next evaluated the effects of W9 and OP3‐4 on osteoblast proliferation and the involvement of mTORC1 activity in cellular proliferation using 10 nM rapamycin. Figure [4](#bies201600104-fig-0004){ref-type="fig"}B showed that W9 and OP3‐4 did not affect the proliferation of osteoblasts. Rapamycin suppressed cellular proliferation at an equal level, regardless of the presence of either W9 or OP3‐4. These results indicated that mTORC1 activity was involved in cellular proliferation; however, these two peptides did not affect osteoblast proliferation (Fig. [4](#bies201600104-fig-0004){ref-type="fig"}B).

In order to clarify the involvement of mTORC1 activity in osteoblast differentiation, we examined the effect of rapamycin on the peptide‐induced acceleration of osteoblast differentiation in vitro. Both peptides enhanced the ALP activity as shown in Fig. [1](#bies201600104-fig-0001){ref-type="fig"}A and the presence of rapamycin blunted the stimulation that was caused by the peptides (Fig. [4](#bies201600104-fig-0004){ref-type="fig"}C). These results suggest that mTORC1 activity is involved in RANKL‐binding peptides‐mediated osteoblast differentiation.

OP3‐4 activated signaling through mTORC1 to the same extent as W9 {#bies201600104-sec-0017}
-----------------------------------------------------------------

In order to clarify whether W9 or OP3‐4 stimulates the mTORC1 pathway, we examined the phosphorylation of Akt, an upstream molecule of mTORC1 and the phosphorylation of S6K1, a downstream effector molecule of mTORC1 after stimulation with various concentrations of each peptide. OP3‐4 enhanced the phosphorylation of both Akt and S6K1 to the same extent as W9, indicating that both peptides activate mTORC1 signaling (Fig. [5](#bies201600104-fig-0005){ref-type="fig"}).

![Both W9 and OP3‐4 enhanced the phosphorylation of Akt and S6K1, a downstream effector molecule of mTORC1 in the same manner. ST‐2 cells were seeded with 4 × 10^4^ cells/ per well in a 12‐well‐plate. The cells were stimulated by several concentrations of either W9 or OP3‐4 for 20 minutes after serum‐starvation for 12 hours, and then the cells were extracted and prepared for Western blotting to observe the phosphorylation of Akt and S6K1, which shows the upstream kinase of mTORC1 signals and the mTORC1 signal, respectively. We performed two‐independent experiments and obtained similar results. The data are the representative results of the two experiments.](BIES-38-717-g006){#bies201600104-fig-0005}

Discussion {#bies201600104-sec-0018}
==========

In the present study, we set the amount of BMP‐2 at a level for which bone regeneration could not be observed in our calvarial defect model. This was not because the BMP‐2 used in this study was unable to regenerate bone -- as 1 μg of the same BMP‐2 was shown to cover the entire calvarial defect in the same murine model [12](#bies201600104-bib-0012){ref-type="ref"}. We demonstrated that the RANKL‐binding peptide OP3‐4 stimulated the BMP‐2‐induced bone formation to the same extent as another RANKL‐binding peptide, W9, which is already known to be a stimulator of bone formation [12](#bies201600104-bib-0012){ref-type="ref"}, [13](#bies201600104-bib-0013){ref-type="ref"}, [14](#bies201600104-bib-0014){ref-type="ref"} (Figs [2](#bies201600104-fig-0002){ref-type="fig"} and [3](#bies201600104-fig-0003){ref-type="fig"}). However, the RANKL‐binding peptides seem to induce osteogenic effects only in the presence of BMP‐2 in vivo since no apparent bone formation appeared after administering the RANKL‐binding peptides in this study (Supplementary Fig. S1). We also showed that the mechanism under which the both RANKL‐binding peptides stimulated bone formation could be explained by the activation of mTORC1 signaling, since rapamycin, an mTORC1 inhibitor, is known to inhibit Runx2 activation and ALP expression [24](#bies201600104-bib-0024){ref-type="ref"} (Figs [4](#bies201600104-fig-0004){ref-type="fig"} and [5](#bies201600104-fig-0005){ref-type="fig"}).

As described in the Introduction section, mTORC1 inhibition by rapamycin was shown to reduce the proliferation of the MC3T3E1 murine osteoblastic cell line and murine bone marrow stromal cells [24](#bies201600104-bib-0024){ref-type="ref"}. Our data showed that the RANKL‐binding peptides did not stimulate the proliferation of primary osteoblastic cells and that proliferation was inhibited by rapamycin (an mTORC1 inhibitor) to a similar extent in all of the groups (Fig. [4](#bies201600104-fig-0004){ref-type="fig"}B). This suggested that our peptides were not involved in the enhancement of mature osteoblast proliferation. Since the mesenchymal stem cells of muscle tissue, which are known as satellite cells, have been shown to stimulate proliferation through mTORC1 signaling [33](#bies201600104-bib-0033){ref-type="ref"}, our peptide might also stimulate the proliferation of early precursors of osteoblasts and the differentiation of osteoblasts through the stimulation of the mTORC1 pathway (Fig. [5](#bies201600104-fig-0005){ref-type="fig"}). Further studies are necessary to clarify whether the RANKL‐binding peptides stimulate the proliferation of cells related to bone formation.

We showed that the inhibition of mTORC1 using rapamycin led to a reduction of the RANKL‐binding peptide‐induced osteoblast differentiation. Although this inhibition included a reduction in proliferation, the inhibition of osteoblast differentiation by the RANKL‐binding peptides was far greater than the reduction of proliferation that was shown in Fig. [4](#bies201600104-fig-0004){ref-type="fig"}B, suggesting that mTORC1 signaling was involved in the stimulation of osteoblast differentiation. Furthermore, this inhibition was not due to cytotoxicity or the cell death of primary osteoblasts because the proliferation level of the primary osteoblasts was similar, even after administering a double concentration of rapamycin, compared to that used in Fig. [4](#bies201600104-fig-0004){ref-type="fig"}C. Taken together, our data showed, for the first time, that W9 and OP3‐4, the RANKL‐binding peptides, increased osteoblast differentiation through mTORC1 signaling, which was confirmed by the increased the phosphorylation of Akt, the upstream kinase of mTORC1 signals, and the phosphorylation of S6K1, the effector molecule of mTORC1, by the RANKL‐binding peptides (Fig. [5](#bies201600104-fig-0005){ref-type="fig"}).

We have previously reported that the stimulated effects of W9 on the ALP activity, one of the osteoblast differentiation markers, decreased when using cells where RANKL was either knocked down or deleted, thereby indicating the existence of RANKL‐reverse signals [13](#bies201600104-bib-0013){ref-type="ref"}. Given that OP3‐4 binds to RANKL to a similar extent as that to W9 [17](#bies201600104-bib-0017){ref-type="ref"}, [18](#bies201600104-bib-0018){ref-type="ref"}, these data suggest that both W9 and OP3‐4 stimulate osteoblast differentiation through membrane‐bound RANKL in osteoblasts. Additional experiments showing that a mutation in the intracellular domain of RANKL reduces the phosphorylation of Akt and S6K1 would therefore be necessary to confirm the existence of the RANKL‐binding peptide‐induced RANKL‐reverse signals. Further study may be necessary regarding the reverse signals using ST‐2 cells since the RANKL expressions are very low on ST‐2 cells in the steady state. Kariya et al. [34](#bies201600104-bib-0034){ref-type="ref"} have already shown that RANKL is predominantly localized in lysosomes in the steady state and is translocated into the plasma membranes after stimulation with RANKL using RANK‐Fc‐conjugated beads in ST‐2 cells. Our preliminary experiment also showed that GFP‐RANKL, which was transfected in ST‐2 cells, is translocated from lysosomes to the plasma membrane within 2 hours after the stimulation with the RANKL‐binding peptide, W9 (data not shown). Thus, we considered that sufficient amount of membrane‐bound RANKL to activate the cells could accumulate at the plasma membranes, and the RANKL‐binding peptides could thus stimulate the phosphorylation of Akt and S6K1 as shown in Fig. [5](#bies201600104-fig-0005){ref-type="fig"}.

Considering the relevance of RANKL and BMP‐2 in this study, some crosstalk might exist between the BMP‐2 signals and the RANKL‐mediated signals since we have previously shown that the RANKL‐binding peptide‐induced increase of ALP activity was partially blocked by adding the neutralizing antibody of BMP‐2/4 in the 5 days culture of an osteoblast cell line [13](#bies201600104-bib-0013){ref-type="ref"}. In addition, there is some activation of phosphorylation of Smad 1/5/8 at 30 and 60 minutes after the W9 stimulation [13](#bies201600104-bib-0013){ref-type="ref"}. Furthermore, the RANKL‐binding peptide could stimulate the BMP‐2‐induced increase of the ALP activity and mineralization in MC3T3E1 cells and primary osteoblasts [13](#bies201600104-bib-0013){ref-type="ref"}, [14](#bies201600104-bib-0014){ref-type="ref"}. Therefore, our data suggest that BMP‐2 signals and RANKL‐mediated signals synergistically stimulated each other and thereby stimulated BMP‐2‐induced osteogenesis in the calvarial defect model in vivo.

When the number of osteoclasts at the bone regeneration site was measured, it was found to increase in both the BMP‐2 + W9 group and the BMP‐2 + OP3‐4 group (Supplementary Fig. S2), although W9 and OP3‐4 are reported to inhibit the osteoclast differentiation induced by RANKL [17](#bies201600104-bib-0017){ref-type="ref"}, [18](#bies201600104-bib-0018){ref-type="ref"}. Considering the life span of murine osteoclasts, which is generally believed to be around 3--4 days in vivo, these data on osteoclasts suggest that the peptide‐release from the gelatin hydrogel carrier did not take place in the last phase of the experiment. Therefore, we concluded that the contribution of the peptide as a bone resorption inhibitor on the increase of BMC and BMD was therefore less than its contribution as a bone formation stimulator.

The size of the defect used in this study was considered to be a critical size since it would take around 7 months to repair the whole defect of the calvaria based on the calculation from the local bone formation activity although the previous literature show that a 4 mm diameter could be a marginal size of the defect [35](#bies201600104-bib-0035){ref-type="ref"}, [36](#bies201600104-bib-0036){ref-type="ref"}. This calculation was performed as shown below; the local bone formation activity, which shows the calcified bone area made in a day, was around 5 × 10^3^ µm^2^ in the GH carrier group as shown in Fig. [3](#bies201600104-fig-0003){ref-type="fig"}B and the size of the defect was approximately 105 × 10^3^ µm^2^ (3.5 × 0.3 mm^2^ in size). When the defect bone size was divided by the bone formation activity of the GH carrier group, the expected repair time was thus obtained. Taken together the defect size we made in this study it thus considered to be a critical size defect.

In conclusion, the RANKL‐binding peptides stimulated BMP‐2‐induced bone formation, even when a minimal amount of BMP‐2 was applied. This augmentation of local bone formation could be due to the acceleration of osteoblast differentiation by the RANKL‐binding peptides, which were involved in the activation of mTORC1 signaling.
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**Fig. S1**. RANKL‐binding peptides without BMP‐2 did not promote bone regeneration in a murine calvarial defect model.
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**Fig. S2**. Bone resorption parameters at the bone regeneration site.
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Supplementary Figure Legends
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